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channel angular pressing (ECAP) has been studied
extensively as a technique for microstructure refinement
by severe plastic deformation (SPD) in cumulative
shear. As illustrated in Figure 1, a billet is pressed in
the Y direction through an ECAP die that has two
channels of equal cross-section intersecting at an angle,
2/. A cubical element undergoes simple shear as it
passes through the die channel intersection and is dis-
torted to the shape of a rhombohedron as it moves in
the X direction into the die exit channel. Likewise, a
sphere circumscribed by the cube in the die entrance
channel is distorted to an ellipsoid in the exit channel.
The Z direction is the flow plane (FP) normal. The
cross-sectional plane (CP) and the top plane (TP) are
as indicated in Figure 1.
Most ECAP investigations have been conducted on
pure metals and dilute solid solution alloys, and the
shape change of prior grains becomes difficult to discern
for repetitive pressing by monotonic routes [2]. How-
ever, a recent investigation of microstructure evolution
during repetitive ECAP of an initially as-cast Na modi-
fied Al–7 wt.%Si alloy [3] has shown that the primary
and eutectic constituents serve as markers delineating1359-6462/$ - see front matter Published by Elsevier Ltd. on behalf of Acta
doi:10.1016/j.scriptamat.2007.09.007
* Corresponding author. E-mail: tmcnelley@nps.eduthe state of strain in the microstructure after the initial
pass and after processing to four or eight passes by
either route BC or A. The redundant nature of the
straining by route BC was reflected in an undistorted
appearance of these constituents in optical micrographs
from all three planes after repetitive pressing. In con-
trast, after monotonic shearing by route A the primary
and eutectic constituents became elongated in the FP,
compressed in the CP and were undistorted in the TP.
Thus, quantitative microstructural analysis of the evolu-
tion of the primary and eutectic constituent morpholo-
gies in this alloy is compared to a model for shape
change of these constituents during repetitive ECAP
following route A. This model allows for consideration
of the potential influence of grain morphology in the
billet prior to initiation of ECAP.
This alloy was processed for up to eight passes by
route A using a sharp-cornered ECAP 90 die with zero
die relief angle. The as-cast microstructure consists of
primary Al dendritic cells surrounded by the eutectic
constituent (Fig. 2a). These cells appear approximately
spherical in shape although their sizes vary throughout
the casting due to solidification rate effects. After the ini-
tial ECAP pass and repetitive processing by route A
through either two, four or eight passes, the primary
Al dendrite cells appear to be distorted by progressive
shearing to elliptical shapes in the FP (Fig. 2b, c, d or e,Materialia Inc.
Figure 1. A schematic of ECAP showing the shape change of cubic
and spherical elements during the initial pass, the reference axes and
the designations of planes of view.
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shape is shown in Figure 2f; the major axis of such an
ellipse would become progressively elongated while
becoming aligned with the axis of the die exit channel.
Lines corresponding to direction of maximum elonga-
tion of individual distorted primary Al dendrite cells
were overlaid on four different optical micrographs for
each pressing condition. Average values of the inclina-
tion angle, h, of these lines with respect to the X-direc-
tion were obtained in image analysis software from 30Figure 2. Optical micrographs of the hypoeutectic Al–7 wt.%Si alloy.
(a) The as-cast microstructure showing equiaxed primary dendrite cells
and the eutectic constituent, and the distortion of these primary Al
dendrite cells and eutectic constituent in the FP of billets subjected to
ECAP: (b) after 1 pass, and after (c) 2 passes, (d) 4 passes and (e) 8
passes by route A. (f) The projection of lY into the minor axis of the
distorted dendrite cells, wexp.observations for each ECAP pass and these values are
included in Figure 2b, c, d and e.
The microstructure remains undistorted in the TP
during repetitive ECAP by route A, and so the initial
dendrite cell structure may be easily discerned even after
eight ECAP passes [3]. Accordingly, the initial dimen-
sion of the dendrite cells, dexp, was obtained as the
average of 300 caliper measurements from the TP of
each processed sample. This eliminates cell size variation
due to billet location in the original casting. Then, the
experimental dendrite cell width, wexp, was determined
by, first, averaging 300 measurements of cell caliper
dimension, lY, in a direction parallel to the Y direction
in the CP. Next, the resulting value of lY was projected
onto the minor axis of an ellipse representing a dendrite
cell inclined an angle h with respect to the X direction
(Fig. 2f). Finally, the experimental width reduction
was determined from wexp/dexp = fc · lY/dexp, where fc
is a projection factor.1
The shear strain, c/, imposed during ECAP depends
on the die channel angle and the relief angle at the outer
corner of the die channel intersection. For a sharp-cor-
nered die (zero relief angle) the shear strain per pass is
c/ = 2cot (/) [4]. Since the shear takes place under plane
strain conditions, shape change analysis can be simpli-
fied to the shearing of squares or circles in the FP as
in Figure 3. The strain during ECAP is a simple shear
due to displacements parallel to the plane of the channel
intersection of the ECAP die (the X 0Z plane) along the
X 0 direction (Fig. 3a). After one ECAP pass, a square,
ABCD, with a circle inscribed, is sheared to a parallelo-
gram, A 0B 0C 0D 0, while the circle becomes an ellipse with
its major axis inclined at an angle, b, with the extrusion
direction, X, as shown in Figure 3a. The angle b gives
the inclination of the direction of maximum principle
strain to the X direction for this strain state [5].
An identical shape change can be obtained by a trans-
formation involving a counter-clockwise rotation of the
initial square (and circle) by an angle p  2/ about the
flow plane normal, Z, followed by a simple shear of
the rotated elements in the +X direction on the XZ
plane (Fig. 3c). This transformation will correctly pre-
dict the shape changes for repetitive processing by route
A. However, such a transformation may not be used for
texture prediction, which would require use of displace-
ments in the plane of the die channel intersection [6].
A simple shear in the XY coordinate system as de-
fined in Figure 3c transforms a point P(x0,y0) into











where c is the shear strain. Then, a circle of diameter, d,
would become an ellipse in the FP after shear deforma-





where a is the ratio of major and minor axis of the ellipse
and given as a function of the shear strain, c, as a ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 þ c2 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2 þ c2Þ2  4
q 
2 þ c2 
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2 þ c2Þ2  4
q s
. This
equation for a can be deduced from subsequent equations here.
Figure 3. Schematics of one ECAP pass in the FP. (a) The shape
change of a circular element and the inclination angle, b, of the
direction of maximum elongation. (b) Shape change for shear parallel
to X 0Z plane. (c) Same shape change by p  2/ rotation plus simple
shear parallel to the XZ plane.
Figure 4. Shape change of a circular element in the FP for material
processed by route A: (a) elliptical shape after one pass and four
passes. Predicted and experimental evolution of (b) inclination angle,
b, of direction of maximum elongation, and (c) relative width
reduction, w/d, as functions of the shear strain c.
Figure 5. Shape change in the FP of initially elliptical elements after
one pass or four passes by route A for major axes aligned (a) parallel to
the die entrance channel or (b) transverse to the die entrance channel;
plots of (c) inclination angle, b, and (d) relative width reduction, w/d,
as functions of the shear strain c; individual curves represent different
aspect ratios as defined by m.
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strain direction with the axis of the die exit channel is
given as
b ¼ tan1 1
2c
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi





while the minor axis length of the ellipse, w, is
w ¼ 2dffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 2þ c2 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2þ c2Þ2  4
q s : ð3Þ
For monotonic shearing by route A, the shear strain
c = Nc/ may be used in Eqs. (2) and (3), where N is the
number of ECAP passes. The expected distortion in the
FP for a sharp-cornered 90 die can then be calculated,
as indicated in Figure 4a, for the initial pass and repet-
itive pressing through four passes by route A. In Figure
4b, the inclination angle, b, of the major axis of the el-
lipse with die exit direction is plotted as a function of
strain, c. Thus, the major axis of the ellipse will become
more closely aligned with the axis of the die exit channel
as the shear strain increases due to repetitive pressing by
route A. Also, the dependence on strain of the relative
width, w/d, of the distorted ellipse may be determined
from Eq. (3) and the result of this calculation is shown
in Figure 4c. The measured inclination angles andrelative widths (Fig. 2) for one ECAP pass and for repet-
itive pressing through two, four or eight passes by route
A are plotted in Figure 4 along with the predictions of
Eqs. (2) and (3). The agreement is excellent when the
strain values for the experimental data are calculated
from c = Nc/, where c/ = 2 for a 90 die corner angle.
The congruence of the observed and theoretical shape
changes using the transformation in Eq. (1) for an ini-
tially spherical element suggests that this approach
may be extended to consider other initial grain morphol-
ogies. For example, many rolled Al alloys exhibit elon-
gated, lamellar or ribbon-like grain morphologies that
may be represented by initial, ellipsoidal grain shapes.
Here, shearing of elliptical grains with principle axes
of lengths 2a and 2b and with aspect ratios given by
m = a/b is evaluated for major axis orientations either
parallel to or perpendicular to the billet axis in the die
entrance channel and ECAP following route A, as de-
picted in Figure 5a and b.
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nel given by b2x2 + a2y2 = a2b2 results in the following
shape in the die exit channel b2x2 + (a2 + c2b2)y2 
2b2cxy  a2b2 = 0. The inclination of the major axis of
the resulting ellipse, b, with the X-direction as a function



































In the entrance channel, the major axis of the elon-
gated grains is parallel to the channel axis for m > 1
while the major axis of the elongated grains is perpen-
dicular to it for m < 1. Two cases are summarized in
Figure 5a and b for initial ellipses of equal area and fol-
lowing either one or four passes in a sharp-cornered 90
ECAP die by route A. In Figure 5a, m = 5 and in Figure
5b, m = 0.2. Clearly, the model predicts that the initial
grain morphology affects the as-pressed microstructure.
The major axis inclination angles and the grain aspect
ratios vary with the initial grain orientation. Thus, ellip-
tical grains aligned perpendicular to the Y direction in
the die entrance channel show greater inclination to
the die exit channel as well as greater elongation and rel-
ative thinning after pressing than elliptical grains aligned
parallel to the die entrance channel for otherwise identi-
cal processes. Eqs. (4) and (5) are plotted in Figure 5c
and d, respectively; variation in the value of m has a pro-
nounced effect on the variation in major axis inclination
angle with strain at small total strain values, i.e., in ini-
tial passes by route A. Indeed, for m > 1 the inclination
angle initially increases before later decreasing (Fig. 5c)
while the inclination angle decreases monotonically for
m < 1. In either case, however, the inclination angle ap-
pears to saturate at a value of 4 at large strains.
The initial grain aspect ratio should also influence the
relative thickness ratio, w/d, during the ECAP process-
ing (Fig. 5d). Thus, the relative grain thickness decreases
most rapidly with strain when m < 1. For example, after
four ECAP passes through a 90 die following route A
(i.e., c = 8), elliptical grains having their major axes per-
pendicular to the billet axis in the die entrance channel
will show a greater reduction than those aligned parallel
to the billet axis. Indeed, comparison of w/d values for
m = 0.2 and m = 5 reveals that the relative grain thick-
ness is smaller by a factor of 4 when the grains are per-
pendicular to the billet axis.
The foregoing analysis has important implications if
ECAP is applied to materials with non-equiaxed initialmicrostructures. For example, further refinement of
elongated, lamellar or ribbon-like grains produced
during rolling would be facilitated by placing material
into an ECAP die with the elongated structures aligned
transverse to the die entrance channel and pressing by
route A. This would enhance grain refinement by
mechanisms such as continuous recrystallization [7,8].
This analysis could also be extended to other mono-
tonic shearing routes, i.e., BA. For redundant ECAP
routes, i.e., BC and C, it has been shown previously
that the initial microstructure is restored after
cycles of four and two passes, respectively [3,9,10]
and therefore microstructure refinement will take place
mainly by subdivision processes within the original
grains.
In summary, a model for grain shape change has been
used to predict the shearing distortions of initially spher-
ical grains during repetitive ECAP by route A and the
results are in excellent agreement with experimentally
observed microstructures in an Al–7 wt.%Si alloy.
Extension of the model to other initial grain morpholo-
gies reveals that the shape change of ellipsoidal grains
during ECAP is dependent on their initial aspect ratio
and orientation in the die entrance channel.
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